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The Nechalacho rare-metal (REE-Y-Nb-Ta-Zr) deposit, is hosted by a sequence of altered, 
layered sodic syenites. Three distinct whole-rock chemical signatures are evident. Two of these 
signatures have high P, of which, one has high light REE (LREE) but low heavy REE (HREE) 
(type 1), and one has high HREE (type 2). The third signature has low P and high HREE, LREE 
and Zr (type 3). Type 1 and 2 signatures represent abundant monazite-(Ce) (LREEPO4) and 
xenotime-(Y) ((Y,HREE)PO4), respectively. Type 3 represents zircon and a variety of non-
phosphate REE minerals, such as allanite-(Ce), fergusonite-(Y) ((Y,REE)NbO4), or bastnäsite-
(Ce) (REECO3F). The results indicate that the ore mineralogy can in part be predicted from 
whole-rock chemistry. Phosphates are an important reservoir for the LREE at the Nechalacho 
deposit. Two main textural types of monazite-(Ce) have been recognized: columnar and equant. 
These can also be distinguished chemically based on U and Th concentrations. The columnar 
monazite-(Ce) is associated with an early magnetite-biotite-quartz alteration, whereas the equant 
monazite-(Ce) is associated with later carbonate-chlorite-fluorite alteration. Xenotime-(Y) also 
occurs in various habits, such as rods and anhedral aggregates. The deposit is divided into Upper 
and Basal zones, the Basal Zone having a higher HREE/LREE ratio than the Upper Zone.  It has 
been previously proposed that the LREE were transported from magmatic eudialyte in the Basal 
Zone to higher in the system by hydrothermal fluids and precipitated there as LREE minerals. A 
recent geochemical model predicted that a series of pulses of aqueous fluid transporting REE, 
passing through a P-bearing nepheline syenite would precipitate monazite crystals that were 
progressively more depleted in HREE (relative to the starting fluid) with increasing distance from 
the source (height in the system). The REE chemistry of monazite from Nechalacho, obtained 
using LA-ICP-MS, does not support this model for the origin of LREE mineralization because the 
concentrations of HREE in monazite show no consistent decrease upward in the intrusive body, 
which suggests, along with the textural variability of the phosphates and their association with 
different assemblages, that the genesis of the LREE mineralization was caused by multi-stage 
alteration and its genesis is more complex than the proposed models imply. Fluid inclusion 
microthermometry on primary fluid inclusions in quartz and xenotime-(Y) indicate that the 
alteration fluids had salinities of ~8 to 13 wt.% NaCl equivalent, and temperatures of ~240 to 590 
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Chapter 1: Introduction and Geological Setting 
 
Introduction 
The concept that the rare earth elements (REE) can be transported by hydrothermal solutions is 
now widely accepted as there are a number of REE deposits that have been determined to be 
hydrothermal in origin, such as Bayan Obo (Chao et al., 1992) and Gallinas Mountains 
(Williams-Jones et al., 2000). The dominant model that has been invoked for the hydrothermal 
transport of REE involves the transport of REE as fluoride complexes (Williams-Jones et al., 
2000). In this model, precipitation is caused by mixing with a Ca2+-bearing fluid, causing the 
precipitation of fluorite, which in turn destabilizes the REE fluoride complexes, causing the 
precipitation of REE minerals, as shown in reaction 1 (Williams-Jones et al., 2000). 
LREEF3 (aq) + Ca2+(aq) + HCO3- (aq) ↔ CaF2 + LREE(CO3)F + H+(aq)   (1) 
                                                          fluorite   bastnäsite 
 
However, not all hydrothermal REE mineralization is associated with fluorite (Banks et al., 1994; 
Samson et al., 2004; Sheard et al., 2012; Feng and Samson, 2015). In addition, Williams-Jones et 
al. (2012) proposed that even though it forms very stable complexes, fluoride is unlikely to be the 
dominant ligand transporting REE in most hydrothermal fluids, due to the low solubility of REE 
fluoride minerals and the high activity of chloride in natural fluids. Although REE chloride 
complexes are not as stable as REE fluoride complexes, they are still very stable, and REE 
chloride minerals have high solubilities (Williams-Jones et al., 2012). Chloride activities can 
therefore be high, as some fluids have salinities greater than 25 wt.% NaCl equivalent (Williams-
Jones et al., 2012).   
Partly based on the concepts described above, Sheard et al. (2012) proposed a model for the 
genesis of the Nechalacho deposit, Northwest Territories in which magmatic processes were 
responsible for initially concentrating the REE, and hydrothermal processes were responsible for 
their redistribution. In this model, eudialyte cumulates crystallized from an agpaitic magma. 
Hydrothermal fluids altered the eudialyte, forming hydrothermal zircon and HREE minerals in 
situ, leaching the light rare earth elements (LREE), and carrying them upwards as REE fluoride 
complexes. Mixing of these fluids with Ca2+-bearing fluids caused the precipitation of fluorite, 
which in turn caused the precipitation of bastnäsite-group minerals (cf. equation 1 above).   
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A model proposed by Williams-Jones et al. (2012) builds on the empirical model of Sheard et al. 
(2012) for the genesis of the Nechalacho deposit in which the dominant ligand responsible for 
REE transport is chloride, as opposed to fluoride. The Williams-Jones et al. (2012) model 
involves the hydrothermal transport of REE and their deposition as monazite-(Ce) during water-
rock interaction in a nepheline syenite. In this model, pulses of fluids carrying REE, NaCl, and F 
travel through a nepheline syenite containing 100 ppm P, leading to the deposition of monazite-
(Ce). In this model, the solution reacts with P from the nepheline syenite, causing precipitation of 
monazite. This model predicts that the monazite-(Ce) will become increasingly depleted in HREE 
with distance from the source. 
According to the model of Williams-Jones et al. (2012), if the LREE were transported upwards 
from the eudialyte cumulates, monazite should be increasingly depleted in HREE with increasing 
distance from the eudialyte cumulates. Therefore, chemical analysis of monazite-(Ce) from the 
Nechalacho deposit provides a good opportunity to test this idea. 
There is now a consensus that the mineralization in the Nechalacho deposit was concentrated 
magmatically and then subsequently redistributed by hydrothermal fluids (Sheard et al., 2012; 
Timofeev and Williams-Jones, 2015; Möller and Williams-Jones, 2016a).  Sheard did not, 
however, attempt to constrain the conditions under which the hydrothermal alteration occurred.   
Möller (2016) subsequently concluded that the alteration occurred at ~300 °C and 4 kbar under 
reducing conditions (ƒO2 = 2 to 3.6 log units above the quartz-fayalite-magnetite buffer), and that 
the fluids had a pH between 3.7 and 5.7.  However, Feng and Samson (in prep.) determined a 
pressure estimate of 0.7-1.3 kbar for the T Zone mineralization, which is significantly less than 
the pressure estimate that Möller (2016) used. Feng and Samson (in prep.) estimated temperatures 
of ~250 to 400 °C and <250 ⁰C for REE mineralization and Be-Y mineralization, respectively, in 
the T Zone.  
The potential ore minerals in the Nechalacho deposit are zircon, fergusonite-(Y), columbite-(Fe), 
allanite-(Ce), monazite-(Ce), bastnäsite-(Ce), synchysite-(Ce), parasite-(Ce), and xenotime-(Y) 
(Pinckston and Smith, 1995; Sheard et al., 2012). Previous studies of the deposit have proposed 
different paragenetic sequences for the ore minerals. For example, Sheard et al. (2012) only found 
one stage of columbite-(Fe) deposition and one stage of monazite-(Ce), whereas Pinckston and 
Smith (1995) found two stages for both minerals. Overall, the temporal relationships among the 
various HFSE minerals are quite different between the two studies, such that there is significant 
uncertainty regarding the paragenetic relationships among these minerals.  In addition, previous 
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studies have focused on the distribution of zircon (Pinckston and Smith, 1995; Sheard et al., 
2012; Hoshino et al., 2012), and, as a result, limited information is available on the distribution 
and timing of the LREE minerals. The spatial and temporal distribution of the ore minerals need 
to be resolved in order to provide a context for the assessment of spatial variations in mineral 
chemistry. 
This study examines the spatial and temporal distribution of the ore minerals using petrography 
and whole rock assay data, and also examines the chemistry of monazite in order to test the 
hypothesis that LREE were transported upwards from eudialyte cumulates. This study also 




The Nechalacho deposit is located within the Blachford Lake Complex (BLC) (Fig. 1), which is 
located 100 km SE of Yellowknife, Northwest Territories, Canada. Davidson (1972, 1978, 1981, 
1982) classified the rocks of the BLC into seven intrusive phases, namely: Thor Lake Syenite, 
Grace Lake Granite, Hearne Channel Granite, Mad Lake Granite, Whiteman Lake Quartz 
Syenite, Caribou Lake Gabbro, and Leucoferrodiorite. The Grace Lake Granite and Thor Lake 
Syenite are peralkaline whereas the western units of the BLC are peraluminous to metaluminous. 
Grace Lake Granite and Thor Lake Syenite 
Both the Grace Lake Granite and Thor Lake Syenite contain perthitic alkali feldspar, euhedral 
quartz, and interstitial riebeckite. The boundary between the two is marked by a gradational 
decrease in quartz content until the quartz content drops below 15% (Möller and Williams-Jones, 
2016a). 
Nechalacho Layered Suite (NLS) 
Introduction 
The Nechalacho Layered Suite (NLS) is a series of layered, undersaturated, sodic syenites that 
dip outward underneath the Thor Lake Syenite and have a sharp contact against the Thor Lake 
Syenite (Möller and Williams-Jones, 2016a). The NLS contains the Nechalacho deposit, formerly 
known as the Lake Zone (Sheard et al., 2012). There are four other zones of mineralization at 










Fig. 2. Geologic map of the NLS (modified after Möller and Williams-Jones, 2016a) 
 
All of the authors who have studied the deposit have used a different classification system for the 
rocks of the NLS. For this study, the recent classification scheme of Möller and Williams-Jones 
(2016a) is used, as it is based on the most detailed study of the petrogenesis of the NLS available 
to date. The top of the suite is characterized by roof sodalite syenite, which consists of ~1 cm 
diameter euhedral hexagonal sodalite grains with interstitial K-feldspar (Sheard et al., 2012). The 
sodalite in almost all cases has been altered to sericite and chlorite. Located below the roof 
sodalite syenite is a pegmatitic leucosyenite. The pegmatitic leucosyenite contains megacrystic K-
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feldspar with interstitial albite, interstitial aegirine, and minor sodalite, nepheline, and eudialyte 
(?). Eudialyte however, has not actually been found in this unit, but its presence is inferred from 
pseudomorphs. These rocks have been altered, and the feldspars are the only magmatic minerals 
that remain. The eudialyte has been pseudomorphed by zircon, monazite-(Ce), allanite-(Ce), 
fergusonite-(Y), columbite-(Fe), and bastnäsite-group minerals. Below this is a subporphyritic 
leucosyenite, which is mineralogicaly identical to the pegmatitic leucosyenite, but is finer grained 
(<10 cm). 
Below this is the foyaite. The foyaite consists of aligned euhedral K-feldspar grains with 
interstitial aegirine and albite. The foyaite contains three different habits of eudialyte; 1) fine- to 
medium-grained, subhedral, disseminated eudialyte, 2) medium-grained, euhedral, poikilitic 
eudialyte, and 3) subhedral to euhedral, cumulate eudialyte. Most of the eudialyte has been 
altered, with the exception of several grains found in the least altered portion of the deposit 
(Sheard et al., 2012, Möller and Williams-Jones, 2016a). In parts of the foyaite there is sufficient 
eudialyte that the rocks contain >1 wt. % TREO. At the base of the foyaite there are lenses (~30-
40 m thick) in the foyaite, that contain both poikilitic eudialyte and cumulate eudialyte. These 
lenses are enriched in heavy REE, and are known as the Basal Zone. Above the Basal Zone there 
are 10 to 100 m-thick lenses within the foyaite that contain eudialyte. These lenses are 
cumulatively known as the Upper Zone and occur throughout the deposit. The Upper Zone is 
depleted in HREE relative to the Basal Zone. The eudialyte pseudomorphs in the Basal Zone have 
been better preserved than the pseudomorphs in the Upper Zone. In some places, the zones are 
separated (Fig. 3A) by unmineralized foyaite and sometimes they are connected and form a 
continuous zone of mineralization (Fig. 3B). When there is a continuous zone of mineralization 
the Upper and Basal zones are divided with a whole rock HREO/TREO ratio of 0.15 (Möller, 
2016). 
From the Basal Zone upward, the syenites have been pervasively altered. A sequence of relatively 
unaltered, heterogeneous, magmatically layered aegirine ± nepheline ± sodalite ± annite syenites 
is located below the Basal Zone. The deepest drill hole in the deposit sets the minimum thickness 







Fig. 3. Down-hole plots of whole-rock chemistry with depth (y-axis) for LREO, HREO, TREO, and 
HREO/TREO. A. is a drill hole in which the Upper Zone is separated from the Basal Zone by 
unmineralized rock. B. is a drill hole in which the Upper and Basal zones are connected. Whole-rock 






Upper and Basal ore zones 
 
Rare-metal minerals in the Upper Zone comprise zircon, allanite-(Ce), bastnäsite-group minerals, 
and monazite-(Ce) (Sheard et al., 2012). Rare metals in the Basal Zone occur in pseudomorphs 
that contain fine-grained zircon, fergusonite-(Y), monazite-(Ce), allanite-(Ce), and bastnasite-
(Ce) group minerals (Sheard et al, 2012, Möller and Williams-Jones, 2016a). Sheard et al. (2012) 
classified the zircon in the deposit into three types. Type 1a zircon is tan in colour, euhedral, 
bipyramidal, zoned, and about 30-60 µm in diameter. Type 1b zircon is the same as type 1a 
except that the crystals are fragmented and are interpreted to have been mechanically transported. 
The type 1 zircon is mainly restricted to the Upper Zone of mineralization. Type 2 zircon grains 
are fine grained (10-30 µm), anhedral, and are mainly restricted to the tan-coloured 
pseudomorphs (after eudialyte) in the Basal Zone. Type 3 zircon is uncommon, occurs in zones of 
brecciation, and has a greenish-yellow fluorescence. 
The following summarizes the genetic model of Hoshino et al. (2012).  Hoshino et al. (2012) 
classified zircon in the two drill holes that they studied into five different types. Type-1 zircon 
was thought to be magmatic and that it was formed in a miaskitic syenite. They interpreted type-2 
zircon to represent cores of type-1 zircon with hydrothermal rims that were LREE-Nb-F rich, and 
that were formed by fluids rich in F.  They concluded that type-3 zircon was formed by alteration 
of type-2 zircon by hydrothermal fluids rich in F and CO3, and that these fluids leached REE out 
of the zircon structure and subsequently formed REE fluorocarbonates and type-3 zircon. They 
believed that type-4 zircon was formed by the leaching of type-3 and type-2 zircon by a CO3-rich 
fluid, which leached REE and Nb, leaving a residual REE-Nb poor zircon (type-4) and 
fergusonite-(Y). The researchers determined that continued alteration of type-4 zircon by CO3-
rich fluids caused the formation of type-5 zircon, which is very fine grained and REE-Nb poor. 
The REE fluorocarbonates bastnäsite-(Ce), parasite-(Ce), and synchysite-(Ce), were identified by 
Hoshino et al. (2012). These REE fluorcarbonates ranged in grain size from about 10 µm to 1 
mm, and often occurred as syntactic intergrowths. The authors did not recognize any allanite-
(Ce), monazite-(Ce), or xenotime-(Y). Hoshino et al. (2012) proposed that the REE were initially 
only concentrated in magmatic zircon, and make no mention of eudialyte.  It was postulated that 
this magmatic zircon was sequentially hydrothermally altered, leaching REE and Zr, forming 
various REE phases as well as hydrothermal zircon. 
Figures 4A and B list the abundances of the dominant ore minerals in the Upper and Basal zones, 
which is based on QEMScan data collected by Avalon Rare Metals (Cox et al., 2010) on samples 
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of Upper and Basal zone samples from various drill holes. From this figure, it can be seen that 
zircon, bastnäsite-(Ce), synchysite-(Ce), allanite-(Ce), and columbite-(Fe) have similar 
concentrations in both the Upper and Basal zones. The main differences between the two zones 
are that fergusonite-(Y) is more abundant in the Basal Zone than in the Upper Zone and 
monazite-(Ce) is more abundant in the Upper Zone than in the Basal Zone (Cox et al., 2010).    
The studies of both Sheard et al. (2012) and Möller & Williams-Jones (2016a) concluded that the 
Basal Zone was a eudialyte-bearing syenite in which the eudialyte has been altered to form zircon 
and REE minerals. There is, however, a discrepancy between the two studies as to how the Upper 
Zone formed. Sheard et al. (2012) proposed that the zircon in the Upper Zone is magmatic in 
origin and that the LREE minerals were deposited by hydrothermal fluids that leached REE out of 
the zircon. In contrast Möller & Williams-Jones (2016a) proposed that the zircon and REE 




Fig. 4. Box-whisker diagrams comparing the Upper and Basal zones by comparing the percentage that each 




Chapter 2: Methods and Results 
Sampling and Methods 
Sampling 
Avalon Advanced Materials Inc. geochemical database was examined, and three chemical 
signatures were discovered (described later). Three drill holes that show these signatures, and 
which represent good spatial distribution throughout the deposit, were selected for sampling. 
These three drill holes were logged and sampled in detail (L09-177, L10-228, L10-245). In 
additional drill holes, the Basal and Upper zones were sampled, but not logged in detail, in order 
to further study the spatial distribution of the ore minerals (L07-062, L08-118, L09-142, L09-146, 
L09-194, L09-202, L10-220, L10-221, L10-224, L10-226, L10-285, L10-291, L10-305, L10-308, 
L11-383, L11-393). Samples consisted of pieces of HQ and NQ drill core. Sample names contain 
the three digit drill-hole number, followed by the sample depth in meters. The locations of the 
drill holes sampled are given in Appendix 1.  Ninety-four polished thin sections were prepared 
from drill-core samples for petrographic and mineralogical analysis. 
Whole-rock chemistry 
Whole-rock chemistry of the studied drill holes was provided by Avalon Advanced Materials Inc. 
from their geochemical database. Sampled intervals were generally two meters in length, 
although some samples represent shorter intervals if a change in lithology was encountered. 
Rocks were analysed for major and trace elements by ALS Laboratory Group Ltd. (Vancouver) 
using lithium metaborate/tetraborate fusion and dilute nitric acid digestion, followed by 45 multi-
element ICP analysis (ALS sample method ME-MS81). ALS method ME-MS81H was used for 
samples that exceeded the upper detection limit of method ME-MS81 (Cox et al., 2010). 
SEM-EDS 
Scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) analyses were 
conducted at the Centre for Advanced Microscopy and Materials Characterization, University of 
Windsor, using an FEI Quanta 200 FEG scanning electron microscope with an EDAX Octane 
SDD detector. Samples were cleaned and carbon-coated prior to analysis. The SEM-EDS 




Electron Probe Microanalysis (EPMA) 
Electron probe analyses of monazite and xenotime were conducted at Western University in the 
Earth and Planetary Materials Analysis Laboratory using a JEOL JXA-8530F field-emission 
electron microprobe. A 15 kV accelerating voltage, 20 nA beam current, and 5 or 10 μm beam 
diameter, were used for the analyses. Peak counting times were 30 seconds for each element. 
Data were corrected using the ZAF correction procedure. Standards used for monazite and 
xenotime were: La - Lanthanum Phosphate (Smithsonian 168490), Ce - Cerium Phosphate 
(Smithsonian 168484), Gd - Gd Phosphate (Smithsonian 168488), Nd - Nd Phosphate 
(Smithsonian 168492), Pr - Pr Phosphate (Smithsonian 168493), Eu- Eu Phosphate (Smithsonian 
168487), Dy - Dy Phosphate (Smithsonian 168485), Ho - Ho Phosphate (Smithsonian 168489), 
Lu - Lu Phosphate (Smithsonian 168491), Sm - Sm Phosphate (Smithsonian 168494), Tb - Tb 
Phosphate (Smithsonian 168496), Er - Er Phosphate (Smithsonian 168486), Tm - Tm Phosphate 
(Smithsonian 168497), Yb - Yb Phosphate (Smithsonian 168498), Si - Quartz (unknown), P - 
Apatite/Monazite (Astimex), Y - Y Phosphate (Smithsonian 168499), Fe - Iron (Astimex), Th - 
Thorium (Astimex), F - Cerium Fluoride (Astimex). Detection limits were as follows: La (480 
ppm), Ce (390 ppm), Pr (285 ppm), Nd (145 ppm), Sm (209 ppm), Eu (136 ppm), Gd (234 ppm), 
Tb (121 ppm), Dy (139 ppm), Ho (329 ppm), Er (125 ppm), Tm (160 ppm), Yb (139 ppm), Lu 
(162 ppm), Y (81 ppm), P (15 ppm), F (535 ppm), Si (31 ppm), Ca (16 ppm), Fe (101 ppm), and 
Th (211 ppm). The standard error for each analysis is reported in Appendix 2. 
Cathodoluminescence Microscopy (CL) 
Two CL instruments were used, an optical-CL and an SEM-CL. The optical-CL is a Technosyn 
Ltd. Cathode Luminescence model 8200 MkII and the SEM-CL is a Centurian 
catholuminescence detector attached to a FEI Quanta 200 FEG scanning electron microscope. 
Optical-CL was used on 33 thin sections in order to study the distribution of minerals that 
cathololuminescence, such as, xenotime and apatite. The operating conditions of the optical-CL 
were a 0.05 Torr vacuum, a maximum 450 μA current, and a 15 kV accelerating voltage.  The 
SEM-CL images were taken at the Centre for Advanced Microscopy and Materials 
Characterization, University of Windsor. Samples were carbon-coated and analyzed under high 
vacuum mode, with a 15 kV voltage. SEM- CL imaging was used on four thin sections in order to 
better understand compositional zoning in quartz, which was used to help characterize fluid 
inclusion assemblages in quartz.  
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Laser Raman Spectroscopy 
Laser raman spectroscopy was used to help with mineral identification as well as to test for the 
presence of CO2 and CH4 in fluid inclusions. The analyses were conducted at the Centre for 
Advanced Microscopy and Materials Characterization, University of Windsor. A WiTec confocal 
Raman spectrometer with a 532 nm Nd-YAG laser was used. The laser power was set to 20 mW 
(at point of analysis) and 20x, 50x, and 100x objectives were used to focus on the sample, 
depending on the size of the grain analyzed. An acquisition time of 0.5 s was used with 20 
acquisitions for each analysis. Silicon was used for daily calibration. 
LA-ICP-MS  
Laser ablation-inductively coupled plasma-mass spectroscopy (LA-ICP-MS) analyses of 
monazite were performed at the Element and Heavy Isotope Analytical Laboratories, University 
of Windsor. The ICP-MS used was an Agilent 7900 fast-scanning ICP-QMS with a 
PhotonMachines 193 nm short pulse-width Analyte Excite excimer laser. The energy and 
repetition rate of the laser were 2 mJ and 20 Hz, respectively. Traverses were run across monazite 
grains at a rate of 5 µm/sec. A beam diameter of 10 or 20 µm was used, depending upon the 
diameter of the monazite grain. NIST 610 was used as the external standard. The masses 
measured were: 29Si, 31P, 44Ca, 57Fe, 88Sr, 89Y, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 
159Tb, 161Dy, 163Dy, 165Ho, 166Er, 167Er, 169Tm, 171Yb, 174Yb, 175Lu, 232Th, 238U. The internal 
standard used was Ce, concentrations of which were determined by electron microprobe. The 
errors for each analysis are reported in Appendix 3. 
Microthermometry 
Samples were selected that contained fluid inclusions in xenotime, monazite or quartz. Fourteen 
doubly polished wafers were made from these samples using cyanoacrylate to avoid excess 
heating of the samples. Microthermometry measurements were made using a Linkam THMS600 
heating-freezing stage at the Fluid Inclusion Analysis Lab, University of Windsor.  Instrument 
calibration was done using synthetic fluid inclusions that contain pure H2O and 25% mole % 
CO2. The melting points of H2O and CO2, as well as the critical point of H2O were measured for 
instrument calibration. Accuracy is ~ ± 0.5 °C and ± 2 °C for ice melting and homogenization 
temperatures respectively. Fluid inclusions in quartz and in xenotime were treated differently 
during analysis. For fluid inclusions in quartz, the ice melting temperature was recorded first in 
order to avoid the risk of decrepitation, and the homogenization temperature was measured 
afterward. For fluid inclusions in xenotime and monazite, the homogenization temperature was 
measured first in order to avoid the risk of stretching during freezing experiments. Where 
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possible, the ice melting temperature was then measured. However, many of the xenotime 
inclusions were too small (<5 µm) to permit accurate ice melting temperatures to be determined. 
Trapping temperatures were calculated using the program HokieFlincs_H2O-NaCl (Steele-





Both the Upper and Basal zones have been pervasively altered, leaving very little of the primary 
mineralogy. Of the major rock forming minerals, only K-feldspar, albite, and occasionally 
aegirine, remain. In addition to the rare-element minerals, which are described below, alteration 
minerals comprise biotite, magnetite, albite, quartz, ankerite, chlorite, and fluorite. Biotite and 
magnetite commonly occur together in both the Upper and Basal zones, although they are most 
abundant in the Basal Zone where they can comprise up to eighty percent of the gangue minerals. 
Magnetite mostly occurs as euhedral hexagonal crystals up to several hundred µm in diameter, 
but also occurs as anhedral grains. Biotite is fine grained and green in colour. K-feldspar occurs 
as both a primary magmatic phase, as well as a hydrothermal phase.  Most of the relict primary 
K-feldspar grains have been partially altered to albite (Fig. 5A). The hydrothermal K-feldspar 
contains fine-grained (1-2 µm) hematite inclusions.  Albite occurs as large igneous grains up to 
several centimeters long. Albite is also found as an alteration mineral in the form of fine-grained 
blades as well as domains in primary K-feldspar that have been replaced by albite. Albite 
alteration is most abundant in the Upper Zone, although it is also present in the Basal Zone. The 
amount of albite in the Upper Zone varies, but can, in places, comprise up to ninety percent of the 
gangue minerals. Quartz is abundant in both the Upper and Basal zones. There are at least two 
generations of quartz, one that contains abundant mineral and fluid inclusions and one that is 
inclusion poor. The inclusion-rich quartz luminescences very strongly under SEM-CL and has 
very small grains of zircon and monazite-(Ce) (1-5 µm diameter) disseminated throughout (Fig. 
5C, D). The inclusion-poor quartz does not luminescence, and does not host rare-metal minerals. 
The bright and dull CL quartz occur as alternating zones within individual crystals (Fig. 5D).  
Ankerite and chlorite commonly occur together in patches or veins, although they can also be 
found in monomineralic aggregates. Chlorite can be found crosscutting columnar monazite-(Ce) 
(see below) (Fig. 5E). Ankerite is the dominant carbonate mineral in the mineralized zones, 
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although minor calcite and siderite are also present (Fig. 6). Locally, calcite occurs as the matrix 
to zircon grains within pseudomorphs after eudialyte. Siderite is uncommon but has been found 
as small (< 20 µm in diameter), anhedral blebs, in contact with monazite-(Ce) that has been 
altered to fluorapatite.  Fluorite occurs as a minor alteration mineral in both the Upper and Basal 
zones. Fluorite also occurs in veins containing both ankerite and fluorite. The fluorite veins 
crosscut all other minerals and fluorite is therefore a late-stage alteration mineral. Hematite 
occurs as acicular blades (Fig. 5F) and as fine grained (1- 2 µm) inclusions within monazite-(Ce), 
xenotime-(Y), bastnäsite-group minerals, quartz, and K-feldspar. Hematite has replaced 
magnetite in some samples, and is therefore later than magnetite. 
In the Upper Zone, the eudialyte has been replaced by zircon and a variety of REE minerals. The 
only primary minerals remaining are relict K-feldspar and albite, although secondary K-feldspar 
and albite are also present. The matrix now consists of a mixture of biotite, magnetite, quartz, 
chlorite, ankerite, fluorite, K-feldspar, and albite. The portions of the Basal Zone that contained 
disseminated eudialyte and poikilitic eudialyte are characterized by the same alteration minerals 
as the Upper Zone. In the Basal Zone cumulates however, with very few exceptions, none of the 
primary minerals remain. The matrix between the eudialyte pseudomorphs now largely consists 
of a mixture of biotite, magnetite and quartz, although chlorite, ankerite, and fluorite can also be 
present. Occasionally, relict K-feldspar and aegirine can be found in the Basal Zone cumulates. 
Rare Element Minerals 
Monazite-(Ce) 
Two textural varieties of monazite are present throughout the Nechalacho deposit:  equant 
monazite-(Ce) and columnar monazite-(Ce). Equant and columnar monazite-(Ce) occur in both 
the Upper and Basal zones, but equant monazite-(Ce) is more abundant in the Basal Zone, and 
columnar monazite-(Ce) is more abundant in the Upper Zone. Equant monazite-(Ce) often 
contains small inclusions (1-2 µm) of hematite, whereas columnar monazite-(Ce) always contains 
these inclusions.   Equant monazite-(Ce) is almost always located within patches of the ankerite-
chlorite alteration assemblage (Fig. 7A) and also in ankerite veins (Fig. 7B), although it can be 
found occasionally within hydrothermal K-feldspar. Equant monazite often contains inclusions of 
biotite. Equant monazite-(Ce) crystals are generally anhedral but can be subhedral and can range 





Fig. 5. A. Optical-CL image of K-feldspar (Kfs) that has been partially replaced by albite (Ab). B. SEM-CL 
image of monazite-(Ce) (Mnz) in zoned quartz (Qtz). C. SEM-CL image of bright CL quartz (Qtz) that 
contains monazite-(Ce) (Mnz) and zircon (Zrn). D. Backscattered electron (SEM-BSE) image of bright CL 
quartz (Qtz)that contains monazite-(Ce) (Mnz) and zircon (Zrn). E. SEM-BSE image of a chlorite (Chl) 
vein crosscutting columnar monazite-(Ce) (Mnz). F. SEM-BSE image of xenotime-(Y) (Xtm) with zircon 





Fig. 6. Ternary diagram showing the relative proportions of Ca, Fe, and Mg for carbonates analyzed from a 
variety of samples. 
 
Columnar monazite-(Ce) can occur as single grains (Fig. 7C), or as radial aggregates (Fig. 7D). 
The grains are typically 20-50 µm in width and up to several hundred µm in length. Columnar 
monazite-(Ce) often occurs in a matrix of either biotite or quartz. Columnar monazite-(Ce) is 
often partially pseudomorphed by fluorapatite (Fig. 7E) with the outline of the monazite-(Ce) still 
visible as blebs of monazite-(Ce), which are in optical continuity, sitting in a matrix of 
fluorapatite. Equant monazite-(Ce) in contrast, is not pseudomorphed by fluorapatite. Locally, 
quartz has also replaced columnar monazite-(Ce) (Fig. 7F). 
Xenotime-(Y) 
Xenotime-(Y) is a minor ore mineral in that, on a deposit scale, it is not very abundant, but where 
it does occur, it can be quite abundant. Xenotime-(Y) is restricted to the Basal Zone, where it 
occurs in lenses that are on the order of two to ten meters in thickness and less than several tens 
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of meters in lateral extent. These xenotime-(Y) lenses generally occur at either the top or bottom 
of the Basal Zone. Xenotime is often found in a matrix of biotite or quartz. 
There are three textural varieties of xenotime-(Y): columnar xenotime-(Y), massive aggregates of 
xenotime-(Y), and xenotime-(Y) in metamict zircon. Columnar xenotime-(Y) (Fig. 8A) grains are 
up to 50 µm wide and several hundred µm in length. They contain small inclusions of hematite 
and thorite that are several µm in diameter. The columnar xenotime-(Y) can occasionally have 
rims of zircon (Fig. 5F) or xenotime-(Y) (Fig. 8B). In some of the columnar xenotime-(Y) 
aggregates with zircon rims, the core of the xenotime-(Y) has been replaced by zircon. The 
columnar xenotime-(Y) with xenotime-(Y) have a relatively hematite-inclusion free core that is 
overgrown by a hematite inclusion-rich rim of xenotime-(Y). Massive aggregates of xenotime-
(Y) (Fig. 8C) consist of anhedral aggregates of xenotime-(Y) grains that are several hundred µm 
in diameter. The xenotime-(Y) aggregates contain abundant hematite inclusions that are several 
microns in diameter.  Xenotime-(Y) in metamict zircon (Fig. 8D) consists of domains of 
xenotime-(Y) within large metamict zircon grains. These zircon grains can also contain monazite 
and possible samarskite-(Y). These large metamict zircons can be several hundred micrometers in 
diameter. 
Allanite-(Ce) 
Allanite-(Ce) occurs in both the Upper and Basal zones in approximately equal amounts. 
Allanite-(Ce) grains exhibit green to red pleochroism, allowing it to be easily identified. Allanite-
(Ce) has a tabular habit and occurs in patches up to several millimetres in diameter. Allanite-(Ce) 
also fills fractures in K-feldspar (Fig. 8E), consistent with allanite being a hydrothermal mineral. 
Allanite-(Ce) is often replaced by bastnäsite-group minerals (Fig. 8F) or monazite-(Ce). Euhedral 
grains of magnetite occur within grains of allanite-(Ce). 
Bastnäsite Group 
The bastnäsite-group minerals bastnäsite-(Ce) (Fig. 9A), synchysite-(Ce) (Fig. 9B), and parisite-
(Ce) (Fig. 9C) all occur in the Nechalacho deposit. The bastnäsite-group minerals occur in both 
the Upper and Basal zones in roughly equal amounts. These minerals can occur separately, or as 
intergrowths of bastnäsite-(Ce) and synchysite-(Ce) (Fig. 9D), and parisite-(Ce) and synchysite-
(Ce) (Fig. 9E). The bastnäsite-group minerals occur as anhedral to subhedral grains that are 






Fig. 7. A. SEM-BSE image of equant monazite-(Ce) in a patch of ankerite (Ank) and chlorite (Chl). B. 
SEM-BSE image of a vein of monazite-(Ce) (Mnz) and ankerite (Ank) crosscutting K-feldspar (Kfs). C. 
Photomicrograph in plane-polarized light of columnar monazite-(Ce) (Mnz) and columbite-(Fe) (Col) in 
quartz (Qtz). D. SEM-BSE image of columnar monazite-(Ce) in biotite (Bt). E. SEM-BSE image of 
columnar monazite-(Ce) (Mnz) replaced by fluorapatite (Ap). F. SEM-BSE image of columnar monazite-





Bastnäsite-(Ce) is found in a matrix of hydrothermal K-feldspar, ankerite, or chlorite. Bastnäsite-
(Ce) in a matrix of ankerite has a very jagged outline as well as zones along cleavage planes that 
are filled with ankerite (Fig. 9A). Most of the synchysite-(Ce) replaces allanite-(Ce) (Fig. 8F), but 
can also occur as overgrowths on zircon (Fig. 9D). Parisite-(Ce) generally occurs intergrown with 
synchysite-(Ce) and has only been found by itself in one sample in a matrix of intergrown 
ankerite and chlorite (Fig. 9F). 
Columbite-(Fe) 
Columbite-(Fe) occurs in both the Upper and Basal zones, but is slightly more abundant in the 
Upper Zone. Columbite-(Fe) occurs as acicular crystals, either as individual crystals or as 
radiating aggregates (Fig. 10A), generally suspended in quartz, and rarely in fluorite. In some 
cases, the radiating acicular columbite-(Fe) blades are rooted on either zircon (Fig. 10A) or 
columnar monazite-(Ce) (Fig. 10F).  
Nioboaeschynite(?) 
A Ca-Y-Fe-Nb mineral that has a stoichiometry similar to nioboaeschynite occurs as small 
(submicron to several microns in diameter) grains suspended in inclusion-rich quartz (Fig. 10C, 
D). Nioboaeschynite is also found replacing fergusonite-(Y) (Fig. 10E). 
Fergusonite-(Y) 
Fergusonite-(Y) occurs in both the Upper and Basal zones, but is more abundant in the Basal 
Zone. Fergusonite-(Y) grains are anhedral to subhedral and can be up to approximately 100 
microns in diameter. Anhedral fergusonite-(Y) often mantles euhedral zircon, with the zircon 
completely or partially engulfed in fergusonite-(Y) (Fig. 10B). Subhedral fergusonite-(Y) is often 
altered to nioboaechynite (Fig. 10E), in which the core of the grain remains fergusonite-(Y) and 
the rim has been replaced by nioboaechynite. The composition of the nioboaechynite varies, as 
can be seen in the SEM backscattered electron image in Figure 10E.  
Zircon 
Zircon is present in pseudomorphs in both the Upper and Basal zones and can range from 
anhedral crystals to euhedral dipyramids. The anhedral zircon is more common in the Basal Zone 
than in the Upper Zone. The outlines of the pseudomorphs in the Basal Zone are better preserved 
than in the Upper Zone. There are cases where zircon terminates against monazite crystals (Fig. 





Fig. 8. A. SEM-BSE image of columnar xenotime-(Y) with thorite (Tht) inclusions. B. SEM-BSE image of 
columnar xenotime-(Y) (Xtm) with xenotime-(Y) rims. C. Photomicrograph in plane-polarized light of 
anhedral xenotime-(Y) (Xtm) aggregates. D. SEM-BSE image of metamict zircon (Zrm) with xenotime-(Y) 
(Xtm) domains. E. Photomicrograph in plane-polarized light of K-feldspar (Kfs) replaced by allanite-(Ce) 
(Aln). F. Photomicrograph in plane-polarized light of allanite-(Ce) (Aln) replaced by synchysite-(Ce) (Syn) 





Fig. 9. A. SEM-BSE image of bastnäsite–(Ce) (Bst) within a patch of ankerite (Ank). B. SEM-BSE image 
of synchysite-(Ce) (Syn) intergrown with K-feldspar, with monazite-(Ce) (Mnz) and calcite (Cal) also 
present. C. SEM-BSE image of parisite-(Ce) (Par). D. SEM-BSE image of zircon replaced by bastnäsite-
(Ce) (Bst) and synchysite-(Ce) (Syn). E. SEM-BSE image of intergrown synchysite-(Ce) (Syn) and 




Fig. 10. A. Photomicrograph in plane-polarized light of columbite-(Fe) (Col) rooted on zircon (Zrn). B. 
SEM-BSE image of fergusonite-(Y) (Fer) overgrowths on zircon, within a patch of chlorite (Chl) and 
ankerite (Ank). C. SEM-BSE image of zircon (Zrn) and possible nioboaechynite (Aes) within quartz (Qtz). 
D. SEM-BSE image of zoomed in area of panel C with quartz (Qtz) and possible nioboaechynite (Aes). E. 
SEM-BSE image of fergusonite-(Y) (Fer) replaced by nioboaechynite (Aes). F. Photomicrograph in plane-
polarized light of columbite-(Fe) (Col) overgrowth on columnar monazite-(Ce) (Mnz). 
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In some zircon-xenotime aggregates, multiple generations of zircon are evident (Fig. 11B). In this 
figure, fractured zircon occurs as overgrowths on xenotime-(Y), which is then mantled and 
replaced by a second generation of unfractured zircon. In addition, the later (?) generation of 
zircon replaced the xenotime. 
Fluorapatite 
Use of optical-CL has allowed two types of fluorapatite to be identified; fluorapatite that 
cathodoluminescences violet (Fig. 11C), and fluorapatite that cathodoluminescences yellow (Fig. 
11D). The violet CL fluorapatite is the fluorapatite that replaces columnar monazite-(Ce) that was 
described previously in the monazite-(Ce) section. The columnar monazite-(Ce) contains many 
hematite inclusions, but the fluorapatite that replaces it has very few, if any, hematite inclusions. 
The matrix material around the violet fluorapatite is biotite. Both types of fluorapatite contain 
inclusions of biotite. The yellow CL apatite appears to form an overgrowth on the violet CL 
fluorapatite because the violet fluorapatite occurs outside of the outline of the original monazite-
(Ce) grain (Fig. 12). The yellow fluorapatite can also occur by itself in patches of ankerite (Fig. 
11D).  
Whole-Rock Chemical Signatures 
Inter-relationships among whole-rock LREE, HREE, P, and Zr were examined. These elements 
were selected in order to determine if the spatial distribution of the ore minerals could be 
determined from whole-rock chemistry. LREE and HREE were selected in order to distinguish 
between the presence of LREE minerals such as monazite-(Ce), allanite-(Ce), and bastnäsite-
group minerals and HREE minerals such as xenotime-(Y) and fergusonite-(Y). Phosphorous was 
used because the only gangue mineral that contains P is fluorapatite, which is an accessory phase. 
Thus, it was hypothesized that P could be used to predict the presence of monazite-(Ce) and 
xenotime-(Y). Zirconium was chosen to identify the presence or absence of zircon. The analysis 
of the relationships among these elements allowed three chemical signatures to be identified in 
the whole-rock chemical data (Fig. 13). 
Signature 1  
Signature 1 is characterized by a positive correlation between LREE and P (Fig. 14A). The P2O5 
concentrations in these intervals can reach several weight percent.  Examination of thin sections 
from these intervals reveals that monazite-(Ce) is the dominant LREE mineral in signature 1. 
Zirconium concentrations can be high or low, showing that the abundance of monazite-(Ce) is 
independent of the local amount of zircon. This signature occurs throughout the Upper Zone. 
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Even though sections of the Basal Zone do contain significant monazite-(Ce), these sections do 
not exhibit signature 1 because the HREE of the Basal Zone make the signature equivalent to 
signature 2.    
 
 
Fig. 11. A. Photomicrograph in plane-polarized light where zircon (Zrn) terminates against columnar 
monazite-(Ce) (Mnz). B. SEM-BSE image of xenotime-(Y) (Xtm) with zircon (Zrn) multiple generations 
of zircon (Zrn) overgrowths. C. Optical-CL image of violet CL fluorapatite. D. Optical-CL image of yellow 
CL fluorapatite in a matrix of ankerite (Ank). 
 
Signature 2  
There are intervals where high HREE concentrations correlate with high P concentrations (Fig. 
14A). These intervals contain xenotime-(Y), however, xenotime-(Y) is not always the dominant 
ore mineral. In some cases, this signature is represented by a mixture of fergusonite-(Y), which 
contributes HREE, and monazite-(Ce), which contributes P. The signature 2 intervals are 
generally restricted to the Basal Zone, and generally occur at the top or bottom of this zone. 
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Signature 2 can occur with varying concentrations of Zr, showing that it is independent of the 








Fig. 13. Bubble-plot showing three chemical signatures in drill hole 245. Whole-rock chemistry from 
Avalon Advanced Materials Inc. 
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Signature 3  
Signature 3 represents intervals of mineralization that occur in the absence of high concentrations 
of P (Fig. 14B). These intervals occur where there are high concentrations of LREE and HREE 
associated with high Zr concentrations. This signature represents mixtures of fergusonite-(Y), 
columbite-(Fe), zircon, allanite-(Ce), bastnäsite-(Ce), and synchysite-(Ce).  
Monazite-(Ce) Chemistry 
Columnar compared to equant monazite-(Ce) 
For the purpose of this study, the LREE are defined as Ce, La, Pr, Nd, the MREE as Sm, Eu, and 
Gd, and the HREE as Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y. The LA-ICP-MS chemical data for 
monazite-(Ce) can be found in Appendix 3. Of the fifteen samples in which monazite-(Ce) was 
analyzed, there were four samples that contained both columnar and equant monazite-(Ce) (Fig. 
15). In any given sample, the concentration of Th is higher in the columnar monazite-(Ce) than in 
the equant monazite-(Ce) (Fig. 16). In sample 177-141 the concentration of U was higher in the 
columnar monazite-(Ce) than in the equant monazite-(Ce), but in the other samples the equant 
and columnar monazite-(Ce) had similar U concentrations. 
In three of the four samples where both columnar and equant monazite-(Ce) were analyzed, the 
individual REE concentrations are the same within error (Figs. 17A, B, 18A).  In sample 177-153, 
however, the equant monazite-(Ce) has higher concentrations of the middle to heavy REE than do 
the columnar monazite-(Ce) (Fig. 18B). 
Columnar monazite-(Ce) 
In total, columnar monazite-(Ce) from eight samples from the three drill holes was analyzed (Fig. 
15). The concentration of LREE in monazite in drill holes 177 and 245 overall increases with 
increasing depth (Figs. 19A, B, 20A, B). The exception is that some LREE in monazite from 
sample 177-153 have concentrations that are similar to or slightly lower than sample 177-85, 
which is higher in the hole. In contrast, for drill hole 228, Ce, Pr, and Nd show the opposite trend, 
and decrease with increasing depth (Fig. 21A, B). In drill holes 228 and 245 the concentrations of 
MREE and HREE in monazite increase with increasing depth, with the exception of sample 245-
215 which has concentrations lower than sample 245-196. In contrast, in drill hole 177, the 
concentration of MREE and HREE decreases with increasing depth.  Therefore, for the drill holes 
studied, the columnar monazite-(Ce) generally shows either an increase or decrease in the 





Fig. 14. Down-hole plots of various drill holes with depth on the y-axis and the concentration of various 
elements on the x-axis. A. with intervals representing chemical signatures 1 and 2. B. with an interval 





Fig. 15. Down-hole plot of the three drill holes in which monazite-(Ce) was analyzed by LA-ICP-MS. The 




Equant monazite-(Ce) from eleven samples from the three drill holes were analyzed (Fig. 15). 
Equant monazite in both hole 228 and hole 245 show a general decrease in LREE concentrations 
with increasing depth (Figs. 22A, B, 23A, B), whereas the LREE, MREE and HREE 
concentrations in drill hole 177 are generally the same within error, with the exception of sample 
177-153, which has concentrations that are lower than the rest of the samples (Fig. 24A, B). In 
contrast, in both drill holes 228 and 245, the MREE and HREE show an overall enrichment with 
increasing depth. Thus, for the drill holes studied, equant monazite-(Ce) only becomes enriched 
in HREE with increasing depth, in two of the three drill holes. 
Equant and columnar monazite combined 
 For the three drill holes studied, the data for both equant and columnar monazite-(Ce) can be 
found on Figures 25, 26, and 27. For the LREE, there does not appear to be any systematic 
variation in REE chemistry with depth that is shared across the three drill holes. 
However, for the MREE and HREE there are some common trends. In drill holes 177 and 228, 
the concentration of each of the MREE and HREE decreases with depth until the Basal Zone is 
reached and then the concentrations increase again. In drill hole 177, both samples from the Basal 
Zone (177-162 and 177-182) have approximately the same concentrations of MREE and HREE. 
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In drill hole 245, the two shallowest samples in the Basal Zone (245-196 and 245-205), the 
concentrations of the MREE and HREE increase with increasing depth, and the deepest sample in 
the Basal Zone (245-215) has a lower concentration of MREE and HREE than the two shallowest 
samples. Drill hole 228 does not display this trend, but rather has a general increase in the 




Fig. 16. Binary-plot of U vs. Th concentration in monazite-(Ce) for each of the samples analyzed that 
contain both equant and columnar monazite- (Ce). The error bars represent two standard errors. 
 
 





Fig. 17. Box-whisker diagrams comparing the concentrations of various REE between columnar and equant 





Fig. 18. Box-whisker diagrams comparing the concentrations of various REE between columnar and equant 






Fig. 19. Box-whisker diagrams comparing the concentrations of various REE in columnar monazite-(Ce) 





Fig. 20. Box-whisker diagrams comparing the concentrations of various REE in columnar monazite-(Ce) 





Fig. 21. Box-whisker diagrams comparing the concentrations of various REE in columnar monazite-(Ce) 





Fig. 22. Box-whisker diagrams comparing the concentrations of various REE in equant monazite-(Ce) from 





Fig. 23. Box-whisker diagrams comparing the concentrations of various REE in equant monazite-(Ce) from 





Fig. 24. Box-whisker diagrams comparing the concentrations of various REE in equant monazite-(Ce) from 






Fig. 25. Box-whisker diagrams comparing the concentrations of various REE in both columnar and equant 





Fig. 26. Box-whisker diagrams comparing the concentrations of various REE in both columnar and equant 





Fig. 27. Box-whisker diagrams comparing the concentrations of various REE in both columnar and equant 




Fluid inclusion petrography 
 Fluid inclusions that were interpreted as primary, and which were large enough to measure, are 
hosted in quartz, xenotime-(Y), and monazite-(Ce). The fluid inclusions hosted in both xenotime-
(Y) and monazite-(Ce) occur as small (<5 µm) isolated liquid-vapour inclusions (LV) (Fig. 28A, 
B). Grains of monazite-(Ce) and xenotime-(Y) that host fluid inclusions are rare, and those that 
do, generally only contain one large fluid inclusion, although they can contain several; but these 
to not form planar features (Fig. 28C). Some of these fluid inclusions contain small hematite 
grains (1-2 µm in diameter), which do not dissolve upon heating, indicating that they are trapped 
solids and not daughter minerals (Fig. 28D). Fluid inclusions in quartz occur as groups of small 
(<20 µm) LV inclusions within inclusion-rich cores (Fig. 28E, F). These quartz grains have 
relatively inclusion free rims (Fig. 28E). Raman spectroscopy has not revealed the presence of 
carbon dioxide or methane, although this may be due to the small size of the inclusions.  
Fluid inclusion microthermometry  
Homogenization temperatures 
All fluid inclusions homogenized by vapour disappearance (LV→L). As the sample was 
progressively heated the vapour phase would shrink and start to move around the inclusion until it 
finally homogenized into the liquid phase (LV→L). The fluid inclusions in xenotime-(Y) yield 
homogenization temperatures ranging from 223-420 °C. One inclusion in monazite was measured 
successfully and it yielded a homogenization temperature of 350 °C. The FIAs in quartz yielded 
homogenization temperatures ranging from 216-358 °C. There were three FIAs measured in 
quartz, with homogenization temperature ranges of 216 °C to 396 °C, 200 °C to 340 °C, and 
301°C to 358 °C (Appendix 4). 
On cooling, the fluid inclusions froze at about -50 °C. Upon heating from -100 °C, the ice crystals 
recrystallized into one ice crystal. With further heating this ice crystal eventually melted, the 
point at which the last crystal of ice melted was taken as the melting temperature (Tm (Ice)). The 
ice melting temperatures (Tm (Ice)) of these inclusions vary from -5.5 °C to -9 °C (Appendix 4). 
These melting temperatures correspond to salinities of 8.5-12.8 wt.% NaCl equivalent (Steele-






Fig. 28. A. Photomicrograph in plane-polarised light (PPL) of a monazite-(Ce)-hosted (Mnz) liquid-vapour 
inclusion. B. Photomicrograph in PPL of a xenotime-(Y)-hosted (Xtm) liquid-vapour inclusion. C. 
Photomicrograph in PPLof xenotime-(Y)-hosted (Xtm) liquid-vapour inclusions. D. Photomicrograph in 
PPL of a monazite-(Ce)-hosted (Mnz)fluid inclusion with a solid inclusion of hematite (Hem). E. 
Photomicrograph in PPL of a quartz (Qtz) grain with an inclusion-rich core. F. Photomicrograph in PPL of 




Because ice melting temperatures were only recorded for some of the quartz-hosted inclusions, 
the lowest and highest salinities (8.5 and 12.8 wt.% NaCl equivalent), were used to calculate and 
constrain the trapping temperatures of all fluid inclusions hosted in quartz, xenotime, and 
monazite.  
Two pressure estimates have been made for the emplacement of the BLC. The first pressure 
estimate range is 4-4.5 kbar, which was proposed by Mumford (2013). This pressure estimate was 
based on Al-in-hornblende barometry (Schmidt, 1992) on the Whiteman granitic group and the 
Hearne granitic group of the western lobe of the Blachford Lake intrusive suite.  The second was 
a pressure range of 0.7-1.3 kbar that was proposed by Feng and Samson (in prep.) for the 
crystallization pressure of hydrothermal quartz in the T Zone. This pressure was determined using 
a combination of fluid inclusion microthermometry and Ti-in-quartz geothermometry. Trapping 
temperatures were calculated based on both of these pressure estimates, resulting in two possible 
P-T regimes for the hydrothermal alteration of the Nechalacho deposit. 
Using pressures of 0.7-1.3 kbar (Feng and Samson, in prep.), the resultant trapping temperatures 
of fluid inclusions hosted in xenotime-(Y), quartz, and monazite-(Ce) range from 265-594 °C, 
239-496 °C, and 412-481 °C, respectively (Appendix 4). Figure 29B shows the T-P field of 
possible temperatures and pressures that the alteration could have occurred at, assuming a 
pressure of 0.7-1.3 kbar (Feng and Samson, in prep.).  
Using the pressure estimate of Mumford (2013), the resultant T-P field of alteration conditions is 
4-4.5 kbar and 426-1163 °C (Fig. 29A). The trapping temperatures of fluid inclusions hosted in 
xenotime-(Y), quartz, and monazite-(Ce) range from 468-1163 °C, 426-877 °C, and 752-849 °C, 
respectively (Appendix 5). These trapping temperatures are significantly higher than those that 




Fig. 29. Binary-plots of fluid inclusion trapping temperatures and pressures. A. Using the pressure estimate 




Chapter 3: Discussion and Conclusions 
Discussion 
 
Relationship of REE Mineralogy to whole rock assay data 
Can the REE mineralogy, which is important to understand for beneficiation, be deduced from 
whole rock assay data? Optical microscopy and SEM-EDS analyses of thin sections taken from 
intervals of drill core with signature 1 has confirmed that the presence of monazite-(Ce) can be 
spatially modeled using the geochemical assay data from the drill holes in the deposit. Other REE 
minerals cannot be modeled as reliably. For example, a xenotime-(Y) signature (signature 2) can 
also be produced by a combination of monazite-(Ce) and a HREE-bearing mineral such as 
fergusonite-(Y). The signature 2 intervals cannot be differentiated based on Nb concentration, 
because the signature 2 intervals that contain xenotime-(Y) can also have high Nb concentrations 
due to the presence of columbite-(Fe). Signature 2 intervals that contain xenotime-(Y) can be 
identified by their Zr concentration, as all drill core intervals examined with signature 2 that had 
low Zr concentrations, also contained abundant xenotime-(Y). However, this method is not 
perfect because this only represents about half of the xenotime-(Y)-rich intervals found, the other 
half contain abundant zircon. It is even more difficult to determine the mineralogy responsible for 
the signature 3 intervals, as they contain a variety of rare-metal minerals such as zircon, 
fergusonite-(Y), allanite-(Ce), and bastnäsite-group minerals.  
 
Evaluation of the spatial redistribution of REE mineralization 
In order to understand the spatial redistribution of REE mineralization, it is important to 
understand the spatial distribution of the chemical signatures. The signature 1 intervals only occur 
in the Upper zone (Fig. 30), throughout the horizontal extent of the deposit. The signature 2 
intervals are generally restricted to the Basal Zone, and generally occur at the top or bottom of 
this zone. The type 2 signature also appears to be evenly distributed throughout the horizontal 
extent of the deposit. The P-rich intervals appear as lenses that are not spatially continuous from 
one drill hole to another (Fig. 30). The type 3 signature is the most common signature of the three 
and occurs throughout the Upper and Basal zones, as this signature represents all of the portions 





Fig. 30. Cross section through three drill holes, showing the distribution of signature 1 and signature 2 
relative to the Upper and Basal zones. The y-axis is the elevation in metres above sea level, and the x-axis 
is the easting. The shapes of the ore bodies in this cross section are not representative of the whole orebody 
beyond this section. 
 
Over what distances have the REE been remobilized? Most of the Zr does not appear to have 
been mobilized more than a millimetre, because most zircon is found within the pseudomorphs 
after eudialyte. Zirconium has been mobilized on the scale of at least ten centimetres in some 
cases, as evidenced by zircon veins in the Basal Zone (Fig. 31). This is based on the assumption 
that eudialyte was the only source of Zr. There are patches of LREE mineralization that occur in 
the absence of zircon, that occur up to 20 m above the closest Zr mineralization. These patches 
contain allanite-(Ce), bastnäsite-group minerals, and occasionally monazite-(Ce). In addition to 
LREE, these patches contain Nb, as well as some HREE, meaning that these elements must have 
been mobile on this scale as well. This signifies that, unless there was a primary magmatic 
mineral that has not been identified in any previous studies, that the LREE, and to a lesser extent 
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HREE and Nb, were transported by the fluids that caused the alteration. This would suggest that 
Zr was not mobilized to the same scale as the REE and Nb. It should be noted that these patches 
do not occur in all drill holes, but they do occur distributed throughout the deposit. One example 
is in drill hole 118 where there are patches of LREE mineralization that occur 10 to 20 m above 
the closest Zr mineralization (Fig. 32). 
 
 
Fig. 31. Photograph of a zircon vein from the Basal Zone.  
A question that must be addressed in order to understand the redistribution of REE in the 
Nechalacho deposit is, were the LREE remobilized from primary cumulate rare-metal minerals in 
the Basal Zone, as well as from magmatic zircon in the Upper Zone, to higher in the sequence, as 
proposed by Sheard et al. (2012).  In this model, the rare-metal mineralization was initially 
concentrated in eudialyte cumulates that crystallized from an agpaitic magma, that formed the 
Basal Zone, as well as in magmatic zircon cumulates that formed the Upper Zone. In the Basal 
Zone, hydrothermal fluids altered the eudialyte, forming hydrothermal zircon and HREE minerals 
in-situ, leaching the light rare earth elements (LREE), and carrying them upwards. In the Upper 
Zone, hydrothermal fluids leached REE out of zircon, forming HREE minerals in-situ, and 
transporting LREE upwards. Mixing of these fluids with Ca2+-bearing fluids caused the 
precipitation of fluorite, which in turn caused the precipitation of bastnäsite-group minerals. In 
this model, Sheard et al. (2012) proposed that in the cases of monazite-(Ce) and allanite-(Ce), the 
mobilization of LREE only took place on a scale of millimetres. Unfortunately, solubility data for 
49 
 
bastnäsite-group minerals and allanite-(Ce) are not available, so it is impossible to test this model 
using bastnäsite-group mineral or allanite-(Ce) chemistry. However, as presented earlier, both  
 
 
Fig. 32. Down-hole plot of drill hole 118, with depth on the y-axis and the concentration of various 
elements on the x-axis. This figure shows an ~20 m distance between LREE mineralization and the nearest 
Zr mineralization. Whole-rock chemistry from Avalon Advanced Materials Inc. 
 
allanite-(Ce) and monazite-(Ce) can be found up to at least 20 m from Zr mineralization, 
signifying that, in the case of these minerals, the scale of LREE transport was much greater than 
proposed by Sheard et al. (2012).  
Monazite solubility data are available, such that the hypothesis that LREE were transported from 
the Basal Zone can be tested by examining the chemistry of monazite-(Ce).  If this were the case, 
the model of Williams-Jones et al. (2012) predicts that the monazite-(Ce) in the deposit should 
become increasingly depleted in HREE with increasing distance from the Basal Zone. The 
monazite-(Ce) chemical data for the three drill holes examined does not show any consistent 
trend in REE chemistry as a function of depth, and thus does not support this hypothesis. 
Chemical data for eudialyte from the Nechalacho deposit reported by Möller and Williams-Jones 
(2016a) shows that, even within a single sample, the composition of eudialyte can vary 
significantly. Thus, the composition of eudialyte could have been very heterogeneous within a 
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given drill hole. If most of the monazite-(Ce) was precipitated in-situ, this might explain some of 
the heterogeneous results for monazite-(Ce) chemistry with respect to depth. 
In the model proposed by Sheard et al. (2012), zircon in the Upper Zone was magmatic in origin. 
This part of their model is challenged by the presence of pseudomorphs in the Upper Zone that 
contain zircon and REE minerals (Fig. 33). The presence of zircon- and REE-mineral- bearing 
pseudomorphs in the Upper Zone supports the model of Möller and Williams-Jones (2016a), 
which proposed that the Upper Zone was originally composed of eudialyte that had lower HREE 
concentrations than the eudialyte in the Basal Zone. It is unclear to what distance Zr was 
transported by the hydrothermal fluids, but there is ample evidence that Zr was mobile, such as 
the presence of the zircon overgrowths on zircon and xenotime-(Y), as well as the presence of 
zircon veins (Fig. 31).  Möller (2016) stated that zircon in the Upper and Basal zones has almost 
identical chondrite-normalized REE profiles, with both zircon types exhibiting a strong negative 
Eu anomaly, giving further evidence that the zircon in the Upper Zone is hydrothermal. In  
 
 
Fig. 33. Photomicrograph in plane-polarized light of a zirconosilicate pseudomorph from the Upper Zone. 
Zircon (Zrn) is present in the pseudomorph and columbite-(Fe) (Col) is present outside of the 
pseudomorph. 
 
contrast, magmatic zircon from the NLS has a strong positive Ce anomaly and a weak negative 
Eu anomaly (Möller and Williams-Jones, 2016a). Möller (2016) stated that the hydrothermal 
zircon contains 0.14 to 0.22 wt. % P, whereas the magmatic zircon contains <70 ppm P (Möller 
and Williams-Jones, 2016a), further demonstrating that magmatic and hydrothermal zircon can be 
distinguished by their chemistry. The eudialyte grains analyzed by Möller and Williams-Jones 
(2016a) had P concentrations below the detection limit of 320 ppm. 
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Evolution of the hydrothermal system 
In order to better understand the evolution of the hydrothermal system, it is necessary to 
determine the temporal relationships among the rare-metal minerals and the alteration events. 
Figure 34 shows the paragenetic relationships between the various rare-metal and gangue 
minerals found in the Nechalacho deposit.  
The Basal and Upper zones show the same general paragenesis. Eudialyte and other complex 
zirconosilicates, such as possible elpidite (Sheard et al., 2012), were the primary ore minerals. 
There appears to have been two major alteration events associated with the redistribution of the 
REE. The first was a magnetite-biotite-quartz alteration event during which zircon, columnar 
monazite-(Ce), fergusonite-(Y), xenotime-(Y), columbite-(Fe) and allanite-(Ce) were 
precipitated. The second was chlorite-carbonate-fluorite alteration related to the formation of 
bastnäsite-group minerals, equant monazite-(Ce), and fluorapatite. Quartz appears to have been 
formed throughout both of these alteration events.  
Within the magnetite-biotite-quartz alteration event not all of the rare-metal minerals formed at 
the same time. When the eudialyte was altered, it appears that zircon and columnar monazite-(Ce) 
were the first minerals to crystallize. Zircon has been found as overgrowths on columnar 
monazite-(Ce) (Fig. 11A), and columnar monazite-(Ce) has been found as overgrowths on zircon 
(Fig. 10F), showing that they likely formed around the same time. Fergusonite-(Y) forms 
overgrowths on zircon (Fig. 10B) and therefore postdates zircon formation. Sometime after this 
there was a second generation of zircon that formed overgrowths on zircon and xenotime-(Y) 
(Fig. 5F). The second generation of zircon did not occur in all areas of the deposit because some 
of the xenotime-(Y) has zircon overgrowths and some does not. Columbite-(Fe) formed after 
monazite-(Ce) because it is rooted on both zircon (Fig. 10A) and columnar monazite-(Ce) (Fig. 
10F). Allanite sometimes contains grains of magnetite or biotite, showing that allanite-(Ce) likely 
formed towards the end of the biotite-magnetite alteration stage. The allanite-(Ce) is later than the 
albitization because it cross-cuts areas of albitized K-feldspar.   
This in turn was followed by carbonate, chlorite, and fluorite alteration, which altered both 
allanite-(Ce) and columnar monazite-(Ce). The allanite-(Ce) was altered to bastnäsite-group 
minerals and equant monazite-(Ce). The columnar monazite was altered to fluorapatite (Fig. 7E). 
There does not appear to be a clear timing relationship between the bright CL quartz and the dull 
CL quartz, as there are sometimes alternating zones of the two (Fig. 5B). The bright CL quartz 
hosts small (> 2 µm) grains of monazite-(Ce), zircon, and columbite-(Fe), and the dull Cl quartz 
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does not host rare-metal minerals (Fig. 5C, D). This indicates that the chemistry of the alteration 
fluids changed during the time that quartz crystallized. Due to the monazite-(Ce), zircon, and 




Fig. 34. Paragenesis diagram with the red box representing the magnetite-biotite-quartz alteration stage and 
the green box representing the chlorite-carbonate-fluorite alteration stage. 
 
An obvious question is what was the source of the P in the rocks of the signature 1 and 2 
intervals, as neither eudialyte nor elpidite contain P. The first possible source is in-situ 
replacement of pre-existing magmatic P-bearing minerals, such as fluorbritholite-(Ce) or 
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fluorapatite. Fluorapatite is not likely to have been a source of P because the only fluorapatite that 
has been found in the Nechalacho deposit is hydrothermal in origin and late stage.  Möller and 
Williams-Jones (2016a) found minor fluorbritholite-(Ce) in some of the less altered rocks below 
the Basal Zone and concluded that monazite-(Ce) and xenotime-(Y) are most likely alteration 
products of fluorbritholite-(Ce). If this were the case, monazite precipitation would have resulted 
from the interaction of REE-bearing fluids with fluorbritholite-(Ce), with the latter mineral 
providing the necessary P.  
The second possible source of P is the fluids that caused the alteration, and that a change in the 
chemical or physical properties of the fluid caused the precipitation of monazite-(Ce) or 
xenotime-(Y). If in-situ replacement of fluorbritholite-(Ce) provided the P, fluorbritholite-(Ce) 
must have been present as discontinuous lenses distributed evenly throughout the deposit. If this 
was the case, we might expect to find the monazite-(Ce) and xenotime-(Y) in pseudomorphs after 
fluorbritholite-(Ce). This does not appear to be the case because monazite-(Ce) has never been 
found in a pseudomorph in the absence of zircon, and xenotime-(Y) is rarely found to do so. In 
sample 245-205, xenotime-(Y) occurs in a matrix of quartz within a pseudomorph in the absence 
of zircon (Fig. 35), but it is impossible to know for certain whether the pseudomorph is after 
fluorbritholite-(Ce). The presence of monazite-(Ce) that replaced allanite-(Ce) argues against the 
in-situ replacement of fluorbritholite-(Ce) as the source of P, because the replacement of allanite-
(Ce) by monazite-(Ce) requires that the alteration fluid contained P. If the fluids were the source 
of P, this would imply that throughout the deposit, changes in the physical and chemical 
properties of the fluids caused the precipitation of monazite-(Ce) and xenotime-(Y) in 
discontinuous lenses. Changes in the chemical and physical properties of the fluids may have 
been caused by reaction with the host rocks.  An example of such a reaction is replacement of 
aegirine by magnetite and quartz: 
3NaFe3+(Si2O6) + H+ + 3HCl (aq) + e- ↔ Fe2+Fe23+O4 + 6SiO2 + 3NaCl (aq) + 2H2O        (2) 
      aegirine                                                magnetite       quartz 
 
This reaction shows that the fluid that altered the aegirine must have been reducing in order to 
convert the Fe3+ to Fe2+.  This reaction would have caused the pH of the fluid to increase. At 300 
°C and 2 kbar, monazite solubility deceases with increasing pH from pH 1 to 3 and the solubility 
remains roughly constant over the pH range of 3 to 6 (Pourtier et al., 2010). If the initial fluid had 
a pH lower than 3, an increase in pH could cause the precipitation of monazite. At 2 kbar, 
monazite has retrograde solubility from 21 to 300 °C (Poitrasson et al., 2004), and prograde 
solubility from 300 to 800 °C (Pourtier et al., 2010). As the results from microthermometry 
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indicate that the fluid was hotter than 300 °C, cooling of the fluid could have caused the 
precipitation of monazite.  
 
 
Fig. 35. Optical-CL image of a pseudomorph within K-feldspar (Kfs) that contains xenotime-(Y) (Xtm), 
quartz (Qtz), and K-feldspar. 
 
Another important question is whether the Nechalacho deposit was altered by one event, or 
multiple events. The mineral paragenesis provides several pieces of evidence that address this 
question. The paragenesis suggests that there were at least two alteration events that were 
responsible for redistribution of rare metals in the Nechalacho deposit. The first was responsible 
for the magnetite-biotite-quartz alteration, which was associated with the formation of zircon, 
columnar monazite-(Ce), xenotime-(Y), fergusonite-(Y), allanite-(Ce), and columbite-(Fe). The 
second event was responsible for the carbonate-chlorite-fluorite alteration that altered both 
allanite-(Ce) and columnar monazite-(Ce), and with which equant monazite-(Ce), and the 
bastnäsite-group minerals are associated. Allanite-(Ce), which is hydrothermal, is replaced by 
synchysite-(Ce) or monazite-(Ce). If this occurred in one event, it signifies that the conditions of 
that fluid changed with time so that allanite-(Ce) was no longer stable. However, it is unlikely 
that a single fluid precipitated allanite-(Ce), and then evolved to a point that allanite-(Ce) was no 
longer in equilibrium with the fluid. This is because the chemistry and properties of the fluid 
would have to change significantly in order for this to occur. It is also unlikely that the same fluid 
altered allanite-(Ce) to both monazite-(Ce) and synchysite-(Ce), as both of these minerals require 
the fluid to have different chemistries.  Thus, it is more likely that the deposit was altered by 




Chemical and physical characteristics of the fluids 
What were the chemical characteristics of the fluids that altered the Nechalacho deposit?  Möller 
(2016) stated that the magmatic mineralogy of the Basal Zone was primarily eudialyte, aegirine, 
K-feldspar, and albite. Sheard et al. (2012) reported that the average composition of the eudialyte 
that they analysed was (Na11.96Ca1.32K0.33)(Ca4.19REE1.08Y0.65Mn0.08)6(Mn2+2.98Fe2+0.02)3Zr2.94Nb0.98 
(Si26.09O72)(O, OH, H3O)3. Thus, an unbalanced reaction for the alteration of the Basal Zone 
during the magnetite-biotite-quartz alteration can be represented by: 
(Na11.96Ca1.32K0.33)(Ca4.19REE1.08Y0.65Mn0.08)6(Mn2+2.98Fe2+0.02)3Zr2.94Nb0.98(Si26.09O72)(O, OH, H3O)3 +    
                                                          eudialyte 
 
NaFe3+(Si2O6)6 + KAlSi3O8 + NaAlSi3O8 + MgCl2 (aq) + HF (aq) + H3PO4 (aq) ↔ Fe2+Fe3+2O4 +  
      aegirine          K-feldspar        albite                                                                  magnetite 
                                                                                                                                                                (3)                                                                                                                                                                                                 
K(Mg,Fe2+)3[AlSi3O10(OH,F)2 + SiO2 + LREEPO4 + (Ce,Ca)2(Al,Fe3+)3(SiO4)3(OH) + ZrSiO4 +  
                     biotite                       quartz   monazite-(Ce)            allanite-(Ce)                     zircon     
 
HREEPO4 + Fe2+Nb2O6 + NaCl (aq) + MnCl2 (aq) + YNbO4  
xenotime-(Y) columbite-(Fe)                             fergusonite-(Y) 
 
Therefore, even though this is not a balanced reaction, it demonstrates that the fluids responsible 
for the magnetite-biotite-quartz alteration must have contained Mg, P, and F. Möller (2016) also 
concluded that the fluids that altered the Basal Zone must have contained Mg, and therefore the 
fluids must have had an external source. This implies that the magnetite-biotite-quartz alteration 
was not caused by autometasomatism.  
One of the reactions associated with the carbonate-chlorite-fluorite alteration is the replacement 
of allanite-(Ce) by synchysite-(Ce) and muscovite. This reaction can be represented by: 
2(Ce,Ca)2(Al,Fe3+)3(SiO4)3(OH) + 3HCO3-  + KCl (aq) + 2HF (aq) + 2HCl (aq) + 28H+ ↔  
                 allanite-(Ce) 
                                                                                                                                                                 (4) 
Ca(Ce,La)2(CO3)3F2 + KAl2( Si3Al)O10(OH)2 + Al(OH)3 (aq) + 3H4SiO4 (aq) + 2FeCl3 (aq) + CaCl2 (aq) +  
synchysite-(Ce)                 muscovite 
 
14H2O 
            
 
Therefore, the fluids associated with the carbonate-chlorite-fluorite alteration that altered allanite-
(Ce) must have contained CO32-, F-, as well as K+. This replacement reaction would also cause the 
pH of the fluid to increase as this reaction consumes significant H+. These fluids also caused the 
partial replacement of columnar monazite-(Ce) by fluorapatite (Fig. 7E). The replacement 
reaction for monazite-(Ce) being replaced by fluorapatite can be represented by: 
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3LREEPO4 + 5CaCl2 + HF (aq) ↔ Ca5(PO4)3F + 3LREECl3 (aq) + HCl (aq)                                        (5) 
   monazite-(Ce)                                fluorapatite         
                        
Budzyń et al. (2011) state that fluid chemistry has a greater effect on the replacement of monazite 
by fluorapatite than does temperature or pressure. The fluid that altered the columnar monazite-
(Ce) to fluorapatite must have been Ca2+ and F- bearing. The result of the reaction would be the 
liberation of LREE3+ to the fluid. The LREE3+ must have been transported by the altering fluid, 
because there are no other REE minerals that have been precipitated in close proximity to the 
altered columnar monazite-(Ce) grains.  In summary, the fluids responsible for the carbonate-
chlorite-fluorite alteration must have been Ca-F-K-CO2-bearing. 
What were the temperatures, salinities, and pressures of the fluids responsible for the 
remobilization and re-precipitation for the rare metals? The trapping temperatures of the fluid 
inclusions hosted in quartz, xenotime-(Ce), and monazite-(Ce), calculated using the pressure 
estimate of Mumford (2013), are too high to be reasonable for hydrothermal fluids (426-1163 
°C). In light of this, the temperature range of 239-594 °C, calculated using the pressure estimate 
of Feng and Samson (in prep.) is more realistic because the solidus of agpaitic nepheline syenites 
has been estimated to be as low as 450 °C (Piotrowski and Edgar, 1970; Kogarko, 1987). This 
range of 239-594 °C is somewhat hotter than the previous estimate of 300 °C (Möller, 2016) for 
the fluids that caused the hydrothermal alteration. 
The chemistry of monazite is also consistent with the fluid inclusion microthermometry results of 
this study. The eudialyte grains that were analyzed by Möller and Williams-Jones (2016a) do not 
have negative Eu anomalies, whereas the monazite-(Ce) grains analyzed in this study do have 
negative Eu anomalies. In the structure of monazite Eu3+ is more compatible than Eu2+. This 
means that if eudialyte was the source of Eu, after the alteration of eudiayte, Eu must have been 
present, at least in part, as Eu2+. This is the case, because if the Eu had been present as Eu3+, it 
would have been incorporated into the monazite-(Ce), and the monazite-(Ce) would not have a 
negative Eu anomaly. Sverjensky (1983) concluded that for most hydrothermal fluids over 250 
°C, the dominant species of Eu would be Eu2+. This would suggest that the fluids that precipitated 
the REE minerals in the deposit were >250 °C, which is consistent with fluid inclusion results 
from this study. 
Given that the 4-4.5 kbar estimate of Mumford (2013) produces unrealistic trapping temperatures, 
this calls into question the results of Möller (2016), who calculated fluid conditions at a pressure 
of 4 kbar and 300 °C. However, it is important to note that at the time of the publication of Möller 
(2016), the pressure estimate of Mumford (2013) was the only one available that could be applied 
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to the Nechalacho deposit.  The 300 °C temperature was based on oxygen isotope equilibrium 
thermometry for a sample from the Upper Zone for which quartz-magnetite pair gave a 
temperature of 554 °C and quartz-zircon pair gave a temperature of 295 °C (Möller and Williams-
Jones, 2016b). Möller and Williams-Jones (2016b) proposed that the temperature of 554 °C was 
an unreasonable temperature and that the hydrothermal alteration was most likely represented by 
the 295 °C quartz-zircon temperature. Möller and Williams-Jones (2016b) also obtained a 
temperature of 313 °C from a different sample, using magnetite-quartz geothermometry, and so 
300 °C was taken as an average temperature for the fluids. Möller (2016) concluded that, during 
the alteration, the oxygen fugacity was 3.6 log units above the quartz-fayalite-magnetite buffer 
(FMQ) and pH was between 4.9 and 5.7. These values were obtained assuming equilibrium 
between K-feldspar, quartz, biotite, and magnetite, a temperature of 300 °C, and a pressure of 4 
kbar. In addition, the activity of various species was assumed as: aNa+= 0.05, aK+= 0.3, and 
aFe2+= 0.01. Möller (2016) also states that in areas that contained ankerite in addition to 
magnetite and biotite, that the ƒO2 and pH were buffered at FMQ+2.0 and 3.7, respectively. For 
the calculation with the addition of ankerite the same parameters were used, with the addition of 
aCO2 aq= 0.1 and aCa2+= 0.5. When these two oxygen fugacity and pH ranges are combined, the 
resultant range that Möller (2016) proposed for the fluids is an ƒO2 of 2.0 to 3.6 log units above 
the FMQ buffer and a pH of 3.7 to 5.7, which were based on a temperature estimate of 300 °C 
and a pressure of 4 kbar. One of the potential problems with these values is that endmember 
annite was used for the phase equilibria calculations, when the biotite is in fact magnesium rich. 
Another problem with the calculations of Möller (2016) is that the aNa+ and aK+ were adjusted to 
make annite + magnetite + K-feldpar a stable assemblage, with the assumption that muscovite is 
not present in the altered rocks of the NLS. However, even though muscovite is a minor phase, it 
is present within the rocks of the NLS. For example, in sample 118-18, allanite-(Ce) has been 
replaced by muscovite and synchysite-(Ce) (Fig. 8F). In addition, textural evidence suggests that 
ankerite is paragenetically later than biotite or magnetite (Fig. 34), and thus not part of the same 
equilibrium assemblage. Therefore, the use of a 4 kbar pressure as well as the aforementioned 
problems with the equilibrium mineral assemblages cast doubt on the ƒO2 of 2.0 to 3.6 log units 
above the quartz-fayalite-magnetite buffer and a pH of 3.7 to 5.7 proposed by Möller (2016) for 
the fluids. This is important because in order for us to better understand the mobility of rare 
metals in natural systems it is important to understand the conditions under which these elements 
were transported. In the Nechalacho deposit there is ample evidence that rare metals were 
mobilized and correct identification of the condition under which this occurred will aid our 




Nechalacho deposit compared to T Zone 
The Nechalacho deposit is the largest of five zones of rare-metal mineralization at Thor Lake. 
The second largest is the T Zone, which lies structurally above the NLS. The T Zone in located 
within the Thor Lake Syenite. The question remains as to whether the fluids that remobilized the 
rare metals in the Nechalacho deposit were the same as those that affected the T Zone as 
documented by Feng (2014).   One way to determine this is to compare the temperatures and 
salinities of the fluids that altered each. If both the NLS and the T Zone were altered by the same 
fluids, and that the fluids moved up from the NLS to the T Zone, we would also expect that the 
temperatures of the fluid would either stay the same or cool as they traveled from the NLS to the 
T Zone. In the T Zone, the temperatures of Zr mineralization, REE mineralization, and Be and Y 
mineralization are ~150 to 500 °C, ~250 to 400 °C, and < 250 °C, respectively (Feng and 
Samson, in prep.). The trapping temperatures of fluid inclusions, from the Nechalacho deposit, 
hosted in xenotime-(Y), quartz, and monazite-(Ce) range from 265-594 °C, 239-496 °C, and 412-
481 °C, respectively. The fluids that precipitated the quartz are thought to have contained Zr and 
LREE, because there are small grains of zircon and monazite-(Ce) (1-2 µm in diameter) within 
the quartz (Fig. 5C, D).  The trapping temperatures of quartz- and monazite-(Ce)-hosted fluid 
inclusions in the Nechalacho deposit fall roughly within the temperature range of the fluids 
responsible for Zr and REE mineralization in the T Zone.  The temperatures of the fluids that 
precipitated xenotime-(Y), in the Nechalacho deposit (265-594 °C) were higher than those of the 
T zone (< 250 °C) (Fig. 36A). However, the trapping temperatures cannot discriminate between 
fluids, because the fluids could have cooled by the time that they reached the T Zone.  
If we assume that both the NLS and the T Zone were altered by the same fluids, and that the 
fluids moved upwards from the NLS to the T Zone, we would expect that the salinities of the 
fluids would not change much as they traveled from the NLS to the T Zone.  Using fluid 
inclusion microthermometry, Feng (2014) and Feng and Samson (in prep.) determined the 
salinities of the fluids responsible for precipitation of various minerals in the T Zone, to be as 
follows: 4 to 27 wt.% NaClequiv for bastnäsite, 12 to 24 wt.% NaClequiv for zircon, and > 18 wt.% 
NaClequiv for xenotime and phenakite. In contrast to the T-Zone, the salinities of the quartz-hosted 
fluid inclusions in the Nechalacho deposit have salinities of 8.5 to 12.8 wt.% NaClequiv. The 
salinities of the T Zone fluids are therefore significantly higher than those in the Nechalacho 
deposit (Fig. 36B). Thus, if the Nechalacho deposit and the T Zone were altered by the same 
fluids, this would mean that the fluids would have had to evolve to higher salinities by the time 
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they reached the T Zone. One possible way for this to occur would be if the production of 
hydrated minerals in the Nechalacho was sufficient to sequester enough water to increase the 
salinities of the fluids. One other possible way to increase the salinity of the fluid would be the 
alteration of Na-bearing minerals in the Nechalacho deposit, such as sodalite and eudialyte. In 
fact, by comparing least altered to altered rocks in the Necahalacho deposit, Möller and Williams-
Jones (2016a) determined that Na was lost from the Nechalacho deposit during alteration. 
Reaction 2, which represents the alteration of aegirine, shows that this reaction consumes HCl (aq) 
and produces NaCl (aq). However, HCl (aq) is actually slightly more effective than NaCl (aq) at 
lowering the freezing point of water (Weast et al., 1986), and therefore the addition of Na would 
not increase the effective salinities of the fluids. Returning to the hypothesis that we would expect 
the salinities of the fluids from the NLS and the T Zone to have similar salinities, we see that this 
is not the case, and so the salinities do not support the hypothesis that the NLS and the T Zone 
were altered by the same fluids. 
One of the most compelling arguments that the Nechalacho deposit and the T Zone were not 
altered by the same fluids is that the T Zone contains secondary Be and Li minerals such as 
phenakite and polylithonite (Samson and Feng, in prep.). The Nechalacho deposit, by contrast, 
does not contain any Be or Li minerals. This signifies that if the Nechalacho deposit and the T 
Zone were altered by the same fluids, that the fluids that altered the Nechalacho deposit contained 
Be and Li, but that minerals containing these elements did not become stable until the fluids 
reached the T Zone. In conclusion, the evidence presented suggests that the Nechalacho deposit 









Fig. 36. A. Plot comparing the maximum and minimum trapping temperatures fluid inclusions hosted in 
various minerals, in both the T Zone, and the Nechalacho deposit. B. Plot comparing the salinities of the 
fluids that altered the T Zone to the salinities of the fluids that altered the Nechalacho deposit. Xtm = 




In the Nechalacho deposit, rare-metal mineralization was initially concentrated magmatically in 
eudialyte and possibly other zirconosilicates. Monazite-(Ce) chemistry does not support the 
hypothesis that LREE in the Upper Zone were sourced from the Basal Zone. The presence of 
possible zirconosilicate pseudomorphs in the Upper Zone, suggests that the Upper Zone 
contained eudialyte.  Two alteration events have been identified that were responsible for the 
redistribution of the rare-metals from the eudialyte in both the Upper and Basal zones. The first 
was a magnetite-biotite-quartz alteration event during which zircon, columnar monazite-(Ce), 
fergusonite-(Y), xenotime-(Y), columbite-(Fe) and allanite-(Ce) were precipitated. This alteration 
event transported LREE, and to a lesser extent, HREE and Nb, over distances of at least 20 m. In 
parts of the Basal Zone, Zr was also mobile on the scale of at least decimetres, which is 
significantly farther than the several millimetres suggested previously. The fluids responsible for 
the magnetite-biotite-quartz alteration had temperatures of ~240-590 °C and salinities of ~8.5-13 
wt. % NaCl(equiv.). Alteration reactions indicate that these fluids contained Mg, P, and F. The need 
for the addition of Mg to the system indicates that the magnetite-biotite-quartz alteration was not 
caused by autometasomatism. The second alteration event is characterized by a chlorite-
carbonate-fluorite assemblage that is related to the formation of bastnäsite-group minerals, equant 
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monazite-(Ce), and fluorapatite. Alteration reactions indicate that these fluids were Ca-F-K-CO2-
bearing.  
The pressure estimate of 4 kbar used by Möller (2016) produces unreasonable trapping 
temperatures (426-1163 °C) for the fluid inclusions analyzed in this study.  Rather, the pressure 
estimates of Feng and Samson (in prep.) of 0.7-1.3 kbar are more realistic, and result in trapping 
temperature of ~240-590 °C for the fluid inclusions in the Nechalacho deposit.  In addition, there 
were two alteration events responsible for the redistribution of rare-metals, rather than the one 
event proposed by Möller (2016).  Finally, in calculating the fO2 and pH conditions for the 
alteration, Möller (2016) assumed that ankerite was in equilibrium with magnetite and biotite, 
which, given the textural relationships described here, does not appear to be the case.  Thus, in 
light of the conclusions from this study, including the complexity of the alteration events and the 
different pressure and temperature conditions calculated for the alteration, the ƒO2 and pH values 
of the alteration fluids proposed by Möller (2016) should be re-examined.  
Whole-rock chemistry can be used to accurately delineate lenses of monazite-(Ce) within the 
Upper Zone. Whole-rock chemistry can also be used to delineate lenses of xenotime-(Y), but with 
less accuracy, because a combination of monazite-(Ce) and fergusonite-(Y) produce the same 
chemical signature as xenotime-(Y). The salinities of the fluids in the T Zone have higher 
salinities than those in the NLS. The T Zone contains abundant Li and Be mineralization, whereas 
the NLS does not.  The combination of these facts suggests that the T Zone and the NLS were not 
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